One sentence summary: Growth of Fibrobacter succinogenes on cellobiose and/or the milk sugar lactose.
INTRODUCTION
Cellulose serves as a major feed component in forage-based rations for ruminants. Due to the lack of cellulolytic enzymes in mammals, the ruminants' digestion of plant biomasses strongly depends on rumen microbiota (Flint 1997; Lynd et al. 2002) . In the rumen, fibrolytic bacteria play a profound role in fiber degradation for supplying short-chain fatty acids (SCFAs) as energy sources and microbial proteins to the host animal (Matheron et al. 1998; Russell, Muck and Weimer 2009) . Fibrobacter succinogenes, a major cellulolytic bacterium in the rumen, is known to be associated mostly with the solid phase of rumen contents for the effective degradation of cellulose (Cheng and McAllister 1997; Chen and Weimer 2001; Koike and Kobayashi 2009 ).
Many studies of fiber degradation by F. succinogenes showed that this bacterium has various types of enzymes for cellulose degradation, which would cooperatively degrade cellulosic materials on feed particles (Iyo and Forsberg 1999; Suen et al. 2011) . Studies of the mechanisms of fiber degradation by F. succinogenes-that is, studies of the strategy used by F. succinogenes to maintain its population in the rumen microbial community-revealed that the process of fiber degradation includes the following key steps: (i) attachment of the microbial cells to fiber and (ii) the degradation of fiber by glycoside hydrolases produced by the attached cells (McAllister et al. 1994; Burnet et al. 2015; Raut et al. 2015) . The attachment to fiber is thus doubtless important to maintain a population of the bacterium in the rumen. Additionally, it has become clear that the attachment of F. succinogenes to feed particles is mediated by fibro-slime proteins, pilli and proteins with a cellulose-binding domain that exists on the cell surface (Mitsumori and Minato 1993; Gong, Egbosimba and Forsberg 1996; Jun et al. 2007; Toyoda et al. 2009; Burnet et al. 2015) .
However, many studies have described the appearance and maintenance of cellulolytic bacteria in the rumen of preruminant calves, even though these calves were fed only milk or milk replacer without solid feed (Minato et al. 1992; Li et al. 2012; Jami et al. 2013; Rey et al. 2014; Guzman et al. 2015) . Indeed, F. succinogenes has been observed in the rumen of preruminant calves (Wu et al. 2012; Malmuthuge, Griebel and Guan le 2014; Meale et al. 2016 ) from just after birth (Guzman et al. 2015) , although these calves were fed only milk, or milk and a small amount of solid feed (Rey et al. 2014; Guzman et al. 2016) . It was also reported that F. succinogenes S85 was able to utilize lactose showing weak fermentation or slow growth (Bryant and Doetsch 1954; Montgomery, Flesher and Stahl 1988) . Little attention, however, has been given to growth characteristics of F. succinogenes S85 on lactose, the most abundant sugar in cow milk. In this study, to explore the possibility that F. succinogenes colonizes the rumen of suckling calves by consuming lactose to occupy its niche in the rumen for the beginning of rumen fermentation, we evaluated both the growth of F. succinogenes S85 on lactose and the effect of cellobiose on the growth of this bacterium on lactose.
MATERIALS AND METHODS

Media and bacterium
Fibrobacter succinogenes S85 (strain ATCC19169) was obtained from the American Type Culture Collection (Rockville, MD, USA). High lactose (HL) medium was prepared according to the reported method for the cultivation of rumen bacteria (Minato, Ishibashi and Hamaoka 1988) with some modification, i.e. it was composed of KH 2 PO 4 (0.
The vitamin and VFA complex solution were prepared as described by Minato, Ishibashi and Hamaoka (1988) . The control medium (CM), whose components were the same as those of the HL medium except for the absence of lactose, was also prepared. We added a 20%, 10%, 5% or 1% cellobiose solution (0.1 mL) or distilled water (0.1 mL) sterilized with 0.20 μm filter (Advantec, Tokyo) to a screw-cap Hungate tube (16.5 mm × 125 mm) containing 10 mL of the HL medium to make a 0.2%, 0.1%, 0.05%, 0.01% or 0% cellobiose HL medium (HLC/0.2, HLC/0.1, HLC/0.05, HLC/0.01 and HL, respectively). A 20% cellobiose solution (0.1 mL) was added to a screw-cap Hungate tube containing 10 mL of CM to make 0.2% cellobiose CM (C/0.2) as a control.
Fibrobacter succinogenes S85 was subcultured in 0.2% glucose CM (10 mL) at 38
• C. The culture was monitored at the optical density at 600 nm (OD 600 ) by a spectrophotometer (miniphoto 518R, Taitec, Saitama, Japan). When the culture was grown to an OD 600 of 0.3, cells in the culture (4 mL) were harvested by centrifugation at 10 000 g for 5 min. The cells were washed once with the CM (4 mL). The washed cells were finally suspended in the CM (4 mL) and used for an inoculum.
Measurement of bacterial growth and sampling
The inoculum (0.1 mL) was inoculated into each tube containing 10 mL of the medium. The tubes in quadruplicate were incubated at 38
• C in a Bio-shaker (BR-40LF, Taitec) with reciprocal shaking at 130 rpm. Bacterial growth was monitored by measuring the OD 600 every 15 min using a spectrophotometer (ODManitor C&T, Taitec). Culture medium (1 mL) was harvested six times during the culture period using a 1-mL sterile syringe for further analysis.
Analytical procedure
A culture sample (0.2 mL) was deproteinized with addition of an equal volume of 60% sulfosalicylic acid. The solution was centrifuged at 14 000 g for 10 min to obtain a soluble fraction. The amount of lactose, cellobiose, galactose and glucose in the soluble fraction was then quantified by HPLC (Shimadzu, Kyoto, Japan) equipped with a CarboSep CHO-682 carbohydrate analysis column (Transgenomic, San Jose, CA). The HPLC was operated at 80
• C with ultrapure water as a mobile phase (0.4 mL min −1 ) for the separation (Mendez et al. 2013) . The assay of the β-galactosidase activity using a microplate reader was performed according to the method of Griffith and Wolf (2002) with some modifications. Briefly, bacterial cells collected from a culture sample (0.3 mL) by centrifugation at 14 000 g for 10 min were suspended in distilled water (0.3 mL). The cell suspension was permeabilized by adding 2.4 μL of 0.1% SDS and 4.8 μL of chloroform. The β-galactosidase activity was measured using o-nitrophenyl-D-glucopyranoside (ONPG) (146-04694, Wako Chemical, Osaka, Japan) as a substrate. The reaction mixture was composed of 60 μl of a reaction solution (20 mM ONPG-0.1 M MgCl 2 -0.2 M PIPES Buffer, pH 6.5) and 40 μl of a permeabilized culture sample. The absorbance of each well of a 96-well microplate incubating at 37
• C was measured at 405 nm using a microplate spectrophotometer (Wellreader MP-96, Seikagaku, Tokyo) to determine the amount of released o-nitrophenol. One unit of enzyme activity was defined as the amount of enzyme releasing 1 nmol of o-nitrophenol per min at 37
Sequence analyses
Conserved domains of β-galactosidase (accession no. ADL24848) were found by the Conserved Domain Search (CD-Search) service at the U.S. National Center for Biotechnology Information (NCBI) (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi).
A signal peptide was detected by PrediSi, a software tool for predicting signal peptide sequences (http://www.predisi.de).
Statistical analysis
Growth properties and the effects of the media on bacterial growth were analyzed by one-way analysis of variance (ANOVA) followed by Tukey's test and linear regression analysis using Excel. Specific growth rate, μ, was calculated as the gradient of semilogarithmic plots of cell density, OD 600 , vs time during the exponential growth phase (Kovárová-Kovar and Egli 1998).
RESULTS AND DISCUSSION
Growth of Fibrobacter succinogenes S85
The growth curve of F. succinogenes S85 on cellobiose and/or lactose is shown in Fig. 1a . Single linear regression analysis of growth curves during the exponential growth phase showed good correlation (R > 0.777) in each culture (Table 1 ). The maximum growth was observed when the cells were grown on 0.2% cellobiose (C/0.2). The growth rate of the bacterium on the C/0.2 medium was ∼0.364 h −1 , which meant a generation time of
1.90 h −1 with a lag phase of 7.63 h. The growth rate of F. succinogenes S85 grown on the medium with 2.5% lactose and no cellobiose (HL) was 0.043 h −1 with a lag phase of 114.07 h (Table 1). The results suggest that F. succinogenes may be able to use milk lactose in the preruminant rumen, because F. succinogenes S85 grew on the HL medium, which contained 2.5% lactose, a concentration that is similar to that of bovine colostrum (Kehoe, Jayarao and Heinrichs 2007). The lag phase and the generation time of the growth on HL (114 and 16.2 h, respectively) were remarkably different from those observed in the growth on cellobiose only (C/0.2) and the growth in the first growth phase on the HL media containing 0.2%-0.05% cellobiose (HLC/0.2, HLC/0.1 and HLC/0.05) (6.0-9.5 h and 1.9-4.1 h, respectively). While the growth on the HL with 0.01% cellobiose (HLC/0.01) did not show detectable diauxic growth and had almost the same generation time as the growth on HL, the lag phase (47 h) was shorter than that of HL (114 h). Additionally, the growth on C/0.2 (OD 600 ) dramatically decreased after the exponential growth phase. This result is consistent with other studies that showed autolysis of bacterial cells of F. succinogenes grown on cellobiose or glucose after the growth peak (Wells and Russell 1996; Thomas and Russell 2004; Raut et al. 2015) . We observed diauxic growth of F. succinogenes S85 in cultures with the HL media containing cellobiose, except for the HL medium with 0.01% cellobiose (HLC/0.01) (Fig. 1a) . In the diauxic growth phase, the lag phase, the growth rate constant and the generation time of the first growth phase were changed by the concentrations of cellobiose in the media (Table 1 ). The lactose consumption of each culture was directly correlated with an increase in the OD 600 in the second growth phase of the diauxic growth in the HLC/0.2, HLC/0.1 and HLC/0.05 media, and in the first growth phase in the HLC/0.01 and HL media (Fig. 1a and b) . The generation times in the lactose-grown phases (i.e. the second growth phase in the HLC/0.2, HLC/0.1 and HLC/0.05 media, and the first growth phase in the HLC/0.01 and HL media) were 13.7-19.1 h (Table 1) , which were a little shorter than retention time (15.4-22.1 h) in the rumen of preweaned calves . In the diauxic growth, the generation times of the second growth phase were near those of the first growth phase on HLC/0.01 and HL. Because lactose consumption corresponded to the second growth of the diauxic growth and the growth on the HLC/0.01 and HL media, it was revealed that these instances of growth were supported by lactose. When F. succinogenes S85 is grown on a medium with both glucose and cellobiose, the bacterium is capable of using them simultaneously (Gaudet and Cheng 1990 ) but at possibly different rates (Franklund and Glass 1987; Maas and Glass 1991) . Our findings demonstrated rapid growth of F. succinogenes S85 on cellobiose without the presence of lactose, and showed the diauxic shift, a period of reduced growth rate followed by a first growth phase, from cellobiose (>0.05%) to lactose. When cellobiose was depleted from the media (Fig. 1c) , the bacterial cells grew using lactose as a carbon source (Fig. 1b) . This diauxic shift was similar to glucose-lactose diauxie observed during growth of Escherichia coli (Mostovenko, Deelder and Palmblad 2011) . In this study, galactose, one of the products of lactose hydrolysis by β-galactosidase, and glucose were found in the cultures except for the C/0.2 medium (Fig. 1d  and e) . These facts that glucose and galactose were accumulated in the cultures were consistent with studies reported by Nouaille et al. (2009) and Javorsky et al. (1990) , respectively, while Javorsky et al. used a mutant of F. succinogenes S85. Moreover, cellodextrins, maltodextrins, maltodextrin-phosphate and/or maltodextrin-1-phosphate derivative produced by F. succinogenes S85 are thought to be involved in interspecies cross-feeding in the rumen (Nouaille et al. 2009 ). The result of this study suggests that galactose may be an additional substrate for this interspecies cross-feeding.
β-Galactosidase activity
The β-galactosidase activities of the cultures are shown in Fig. 2 . The total activity of β-galactosidase of the 0.2% cellobiose-grown culture (C/0.2) was < 3.7 U mL −1 , and >70% of the activity was detected from whole cells. When cells were grown on the HLC/0.2 medium, the total activity of β-galactosidase was lower than 4 U mL −1 and the cellular β-galactosidase activity in the second growth phases was < 50%. When cells were grown on the HL medium containing < 0.05% cellobiose, β-galactosidase activity > 15 U mL −1 was observed during the exponential phase, and > 50% of the activity was located in the culture supernatant. When the bacterium grew on the media containing 0.2% cellobiose (C/0.2 and HLC/0.2), the β-galactosidase activity was relatively low compared to the activity in the other cultures. Although most of the β-galactosidase activity on C/0.2 was observed in whole cells, the activity on HLC/0.2 was observed in the culture supernatant. It thus seems that lactose facilitates the secretion of β-galactosidase into the extracellular medium. Moreover, β-galactosidase activity was noticeably increased in the media containing <0.05% cellobiose (HLC/0.05, HLC/0.01 and HL) (Table 2) , and higher activity was detected in the culture supernatants. This implied that >0.1% cellobiose inhibited the β-galactosidase production and that the lactose was degraded by β-galactosidase secreted outside of the bacterial cells. Indeed, we found no clear functional gene for lactose transport such as a galactoside permease or a phosphotransferase system for lactose in the genome of F. succinogenes S85 (GenBank: CP002158 and CP001792).
Sequence analysis of β-galactosidase
The complete genome of F. succinogenes S85 (GenBank: CP001792) revealed the existence of two genes encoding β-galactosidase, Fisuc 1788 and Fisuc 3049 (Burnet et al. 2015) , which were identical to FSU 2288 and FSU 0315, respectively, in the different genome sequence data (GenBank: CP002158). Burnet et al. (2015) reported that β-galactosidases encoded by Fisuc 1788 (FSU 2288) and Fisuc 3049 (FSU 0315) were observed in extracellular medium and the periplasm, respectively. Because lactose was degraded by extracellular β-galactosidase, the β-galactosidase (GenBank: ADL24848) encoded by FSU 2288 is thought to be the β-galactosidase for lactose utilization of the bacterium. The gene (FSU 2288) was located between base pair numbers 2642905 and 2646402 of the genome (CP002158).
Five genes encoding a glycoside hydrolase such as xylanase and a carbohydrate-binding protein were found downstream of FSU 2288 (Fig. 3a) . Burnet et al. (2015) reported that two of them, translated from FSU 2290 (Fisuc 1790) and FSU 2293 (Fisuc 1793), were found in extracellular medium. Although the relationship between the hydrolases and the β-galactosidase is unclear, the hydrolases and the β-galactosidase are thought to function in the fiber and lactose degradation of F. succinogenes S85.
Our domain analysis of the β-galactosidase (ADL24848) revealed that a cryptic beta-D-galactosidase subunit alpha domain, ebgA, exists in the central region and a Por secretion system C-terminal sorting domain, Por Secre tail, is located in the C-terminal region (residues 1088-1164) (Fig. 3b) . A signal peptide was found in the N-terminal region (Fig. 3b) . The Por Secre tail domain is a type of F. succinogenes-specific paralogous module 1 (FPm-1) (Yoshida, Mackie and Cann 2010) , which is also identified as basic terminal domain (Suen et al. 2011) . Although all of the Por Secre tail domain is not an FPm-1 domain, proteins carrying the Por Secre tail domain as a conserved C-terminal domain (CTD) (i.e. CTD proteins) are known to be involved in a novel type IX secretion system, the Por secretion system (PorSS), in some species of the Phyla Flavobacteriia, Cytophagia, Sphingobacteria, Bacteroidia and among others (McBride and Zhu 2013; Nakayama 2015) . McBride and Zhu (2013) indicated that the CTD proteins may interact with outer membrane proteins, and they suggested that because many members of Bacteroidia use enzymes to digest recalcitrant polysaccharides such as cellulose, hemicelluloses, chitin or algal polysaccharides and because Flavobacterium johnsoniae (Bacteroidia) secretes a chitinase by the PorSS, some polysaccharide-digesting enzymes produced by F. johnsoniae and by other members of Bacteroidia may be secreted by the PorSS. It is feasible that some polysaccharide-digesting enzymes of the CTD proteins including the β-galactosidase (ADL24848) produced by F. succinogenes, formerly of Bacteroidia (Montgomery, Flesher and Stahl 1988) , are therefore secreted by the PorSS.
While F. succinogenes is a major fiber-degrading species in the rumen (Weimer 1996; Kobayashi, Shinkai and Koike 2008) , estimated to be 0.1%-10% of the total population of rumen bacteria after weaning (Koike and Kobayashi 2009) , F. succinogenes has also been observed in the rumen of preruminant calves at 0.01%-0.3% of the total rumen bacterial population estimated through quantitative PCR targeting 16S rRNA genes (three genes per one cell of F. succinogenes; Suen et al. 2011) (Wu et al. 2012; Malmuthuge, Griebel and Guan le 2014; Guzman et al. 2015; Meale et al. 2016) . Moreover, calves fed only milk or milk replacer without solid feed maintained this bacterium in the preruminant rumen (Rey et al. 2014; Guzman et al. 2016) . Guzman et al. (2016) revealed that the concentrations of F. succinogenes were higher in control calves fed lucerne hay ad libitum compared to calves fed only milk, and they concluded that F. succinogenes either used substrates provided by the milk diet directly or used products produced by other microorganisms consuming milk in the rumen. In preweaning period, calves receive milk replacer (liquid feed) and starter (solid feed) followed by colostrum feeding. Although the esophageal groove, shunting milk and milk replacer into the abomasum, closes during suckling, the closure of the esophageal groove is not always complete, allowing some milk and milk replacer to leak into the rumen (Lane and Jesse, 1997) . The milk and milk replacer infused into the rumen are fermented to SCFAs (Kirat et al. 2005) , which stimulate rumen development, especially the development of rumen epithelium (Malmuthuge, Griebel and Guan 2015) .
Even though F. succinogenes showed slow growth on lactose in this study, the bacterium has been detected from the rumen of preruminant calves (Wu et al. 2012; Malmuthuge, Griebel and Guan le 2014; Guzman et al. 2015; Meale et al. 2016) . While future studies to define lactose utilization in vitro and in vivo, including adaptation of the bacterium to lactose, are required, it seems that the bacterium keeps a small population size using lactose to meet cellulosic materials in the calf rumen to begin rumen fermentation. Indeed, Guzman et al. (2016) demonstrated that F. succinogenes was significantly higher in abundance in calves fed with milk and solid feed compared to those fed with milk alone at 14 and 20 days after birth. On the other hand, lactose would be utilized by some bacteria such as Bifidobacterium and Propionibacterium, which probably contribute to establishment of rumen fermentation (Malmuthuge, Griebel and Guan 2015) . Moreover, among major bacteria in the mature rumen, Butyrivibrio fibrisolvens, Clostridium longisporum, Prevotella ruminicola, Selenomonas ruminantium and Streptococcus bovis are lactose utilizers, and these bacteria and Succinivibrio dextrinosolvens are able to utilize galactose (Weimer 1996) .
The results of this study revealed the possibility that F. succinogenes uses lactose directly in the milk diet as a carbon source, and that cellobiose, which is produced from cellulose (a major component of hay), may increase the population of the bacterium in the preruminant rumen.
CONCLUSIONS
In ruminants, the establishment of rumen microbiota capable of digesting fiber is required before weaning to start rumination. This study demonstrated that Fibrobacter succinogenes is able to utilize lactose for its growth, even though the growth rate with lactose is substantially lower than that with cellobiose. When we cultured F. succinogenes with cellobiose (≥0.05%) and lactose, diauxic growth was observed. β-Glucosidase which degrades lactose appears to be inhibited by cellobiose because the highest levels were observed after depletion of cellobiose or in the presence of lactose when cellobiose was low in concentration. Because β-galactosidase was secreted from the bacterial cells, we suspect that the protein (ADL24848) was the β-galactosidase for the use of lactose by F. succinogenes, and was presumably secreted by the PorSS. Further studies are needed to confirm the diauxic growth of F. succinogenes in vivo, which would facilitate the colonization of the bacterium in the calf rumen, and to develop an effective management program for calves during the weaning period.
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